INTRODUCTION
The current flexor tendon repair techniques consist of multiple sutures, with strands passing through and going around the circumference of the tendon. These sutures are designed to maintain the stress produced by active mobility, especially when it starts early on. Active mobility produces tension and action, provi-ding advantages over passive mobility, including: improved nutrition, diminished adherence, facilitation of healing and increased strength at the repair site, without occurrences of re-rupture (1) (2) (3) (4) (5) (6) (7) .
Protocols for rehabilitation treatment subsequent to operations involving sutures on hand flexor tendons in which immediate passive mobilization is recommended originated in the 1960s, 1970s and 1980s. BIOMECHANICS AND HISTOLOGICAL ANALYSIS IN RABBIT FLEXOR TENDONS REPAIRED USING THREE SUTURE TECHNIQUES (FOUR AND SIX STRANDS) WITH EARLY ACTIVE MOBILIZATION However, in the 1990s and 2000s, several clinical studies recommended early active mobilization, with good results and low re-rupture rates (8) (9) (10) (11) (12) (13) .
The present paper was based on an experimental study on rabbits. In the literature, there are studies with a variety of investigation protocols in which models were applied to cadavers and to animals such as pigs, dogs and rabbits, using different suture materials (nylon, mersilene, Ethibond, Dacron and steel) (14) (15) (16) (17) (18) (19) (20) (21) (22) .
Despite the diversity of experimental investigation on animals, the greatest quantity of research has been on cadavers. However, the great limitation of biomechanical tests on hand models using human cadavers is that information is obtained only on the immediate post-repair state: the healing conditions cannot be simulated. Because ruptures, deformities (separations) and adherences usually occur days or weeks after surgery, these effects from repairs can only be simulated and extrapolated from in vivo animal models (3) .
The present study was based on Resolution 714 of the Regional Veterinary Medicine Council of Santa Catarina, Brazil, and on Federal Law No. 9605, of February 1998, regarding use of animals in experimental studies. The aim of this study was to analyze the biomechanics (deformity of tendon stumps), time taken to perform the repair and histology of three suture groups: Brazil-2 (4-strand) (23) , with the final knot of the central suture located outside of the tendon repair; Indiana (4-strand) (24) ; and Tsai (6-strand) (25) , with the final knots of the central suture located inside the tendon repair. The calcaneal tendons (plantar flexors of the hind legs) of rabbits were used for this experimental study, in association with early active mobilization.
MATERIALS AND METHODS

Experimental design
The sample was non-random, using arbitrage, because of the closeness to human tissue of the characteristics and properties of the animal model selected. A total of 36 adult male or female New Zealand rabbits (Oryctolagus cuniculus), aged 8½ months and weighing 2.5 to 3 kg, were selected. The right calcaneal tendon (plantar flexor of the hind leg) was chosen for the analysis. This is of similar thickness to the human flexor tendon, with a diameter of approximately 4.5 mm (varying 2 mm upwards and downwards). Sterile techniques were used on these tendons, conducted in accordance with the requirements of the Ethics Committee for Animal Experimentation (CETEA) of the State University of Santa Catarina (UDESC), in the city of Lages, Brazil (protocol no. 1.33.09). The provider of these animals fulfilled adequate care requirements in relation to these animals' rearing and health, and held a license for this (number 0581039548), authorized and supervised by the Ministry of Agriculture in Rio Grande do Sul, Brazil.
The 36 tendons were divided into three suture groups: Brazil-2 (4-strand) (23) , with a central suture and a final knot located outside of the tendon repair; Indiana (4-strand) (24) ; and Tsai (6-strand) (25) , with central sutures in which the final knots were located inside the tendon repair. In order to analyze the histological and biomechanical characteristics (deformity of the tendon stumps) of each experimental group, the rabbits were sacrificed: six animals on the 15 th day after the operation and six on the 30 th day (Table 1) . 
Data-gathering procedures:
All the procedures were performed in a sterile manner that resembled the technique described by Kusano et al (14) . Each animal was anesthetized by means of intramuscular injection of ketamine hydrochloride (50 mg/kg) and local complementation with 2% lidocaine hydrochloride, without a vasoconstrictor. This was always done on the external face of the right hind leg. Antibiotic consisting of cefazolin (300 mg) was also added as prophylaxis to avoid infections. A longitudinal incision of 6 cm was then made proximally to distally, from the knee to the ankle. The retinaculum of the flexors and the osteofibrous tunnel were opened longitudinally to expose the calcaneal tendon (plantar flexor of the hind leg). The tendon was then totally sectioned transversally and was repaired using one of the three suture techniques: 4-strand (Brazil-2), 4-strand (Indiana) or 6-strand (Tsai) (25) . All the central sutures were made using nylon 4.0 and the sutures around the tendon were made using nylon 5.0. After Figure 1 -Procedure for data gathering: schematic diagram of rabbit anatomy, with immobilization of the hind leg to protect the wound (14) . 
Osteofibrous tunnel
Retinaculum of the flexors the operation, immobilization consisting of a plastercast boot extending from the knee to the foot (while leaving the toes free) was applied such that the ankle was restrained at 90°. This immobilization protected the operative wound on the leg, given that these rodents are difficult to control. The immobilization was not removed, nor was it replaced if the animal happened to gnaw it off or lose it. The animals were put in cages of dimensions 80 x 60 x 60 cm, with a central divider so that two rabbits could use each cage. They were able to move around, while conflict between them was avoided. Distilled water and food suitable for rabbits were provided (Figures 1 and 2) .
Deformity between the tendon stumps (biomechanical test)
The animals were allowed to walk around half of the cage (80 x 60 x 60 cm) with the plaster-cast immobilization protecting the wound, starting immediately after the surgery. This was named early active movement. They could do this freely, bearing their own body weight (mean of 2.5 to 3 kg). The animals were sacrificed either on the 15 th or on the 30 th day after tendon suturing, in order to measure the separation between the stumps (deformity), using a millimeter grid under a 40x microscope.
Time taken to do suturing
The three suture techniques on the flexor tendons of the hind legs (calcaneal tendons) of the rabbits were performed by three senior surgeons, and the time taken to do the suturing was analyzed.
Histological analysis
Six rabbits from each experimental group were sacrificed on the 15 th day and six on the 30 th day, so that the tendons could be histologically analyzed ( Table 1) . For this histological analysis, the repaired tendon unit was embedded in paraffin and sections of thickness 5 microns (5u) were made longitudinally and transversally. The slides were viewed at magnifications of 40x, 100x and 200x and were stained using two preparations: 1) Gomori trichrome, which shows collagen fibers in green and fibroblasts in red with dark or blue nuclei; and 2) hematoxylin-eosin (HE), to observe the nuclei and cytoplasm better. These histological parameters or indicators were used to demonstrate the healing behavior of the tendon, with early active mobility, and the scarring effect of the final (central) knot with the osteofibrous tunnel. The knot was either inside or outside of the tendon, according to the suture technique used.
Sacrifice
After the animal had been sedated and hypnotized using midazolam (15 mg), inhaled halothane was ap- plied, which resulted in cardiorespiratory arrest and death. The tendons were then removed for histological and biometric analysis and were immediately immersed in 10% buffered formol solution, in individually identified flasks. The time between death and tendon extraction did not exceed 36 hours, and during this period, the cadavers were kept in a cold-store chamber at 4ºC. Afterwards, the carcasses were disposed of by burial in wooden boxes on a private smallholding.
Data processing:
The statistical investigation was performed using the SPSS for Windows software, version 10.0. The Levene homogeneity distribution test was applied so that analysis of variance (ANOVA) with 1% significance could be used for analysis between the three suture groups. To correlate the suture technique with the time elapsed after surgery and the histological characteristics, Pearson's chi-square test was chosen.
Suturing methods:
The material used was nylon 4.0 for the central suture (nucleus) and nylon 5.0 for the continual peripheral suture (around the tendon) * .
Brazil-2 (4-strand) suture ** : the final knot of the central suture was located outside of the tendon repair ( Figure 3 ) (23) .
Indiana or Strickland (4-strand) suture *** : both knots of the central (final) suture were located inside the tendon repair ( Figure 4 ) (24) .
Lim and Tsai (25) (6-strand) suture ** : both knots of the central (final) suture were located inside the tendon repair. Two "loop" needles were used ( Figure 5 ).
RESULTS
Deformity between the tendon stumps (biomechanical test): In this investigation, the deformity (separation) between the tendon stumps was measured in millimeters using 40x magnification under a microscope. Using the Brazil-2 (4-strand) repair technique on the 15 th day, there were two sutures with a separation of 25 mm between the stumps, with only a few thin collagen fibers and a large amount of amorphous cellular tissue. Using the Indiana (4-strand) repair technique on the 15 th day, there was one suture with a separation of 25 mm between the stumps and also with only a few thin collagen fibers and a large amount of amorphous cellular tissue. In other words, tissue with tendon characteristics had not formed and, thus, it could be considered that technical rupture had occurred. Using the Tsai (6-strand) repair technique on the 15 th day, the maximum separation was 17 mm, with thick collagen fibers, thus demonstrating strong biological tissue structuring. Nevertheless, there was no statistically significant difference (ANOVA; p > 0.01) ( Figure 6 ). It should also be taken into account that the rabbits were allowed to start to walk around immediately after the surgery, inside half of a cage of dimensions 80 x 60 x 60 cm, with plaster-cast immobilization to protect the wound, i.e. with early active movement. In freely moving around, the animals were bearing their own body weight (mean of 2.5 to 3 kg).
Time taken to do suturing:
The three suture techniques on the flexor tendons of the hind legs (calcaneal tendons) of the rabbits were performed by three senior surgeons, as mentioned earlier. The time taken to do the procedure was analyzed and there were no statistically significant differences (ANOVA; p > 0.01) (Figure 7 ).
Histological analysis:
Thickening of the collagen fibers was seen qualitatively and quantitatively in seven (38.9%) of the rabbits by the 15 th day and in 12 (66.7%) by the 30 th day (p = 0.095), such that stronger and more resistant biological tissue was formed. It was observed that between the 15 th and the 30 th days, the fibers started to accommodate to a horizontal orientation along the axis of the repaired tendon, thus maturing the healing process (Figures 8, 9 and 10) .
Among the rabbits that received the Brazil-2 (4-strand) suture technique, two on the 15 th day (33.3%) and four on the 30 th day (66.7%) predominantly presented thick fibers in their tendons (p = 0.248). Among the rabbits that received the Indiana (4-strand) suture technique, one on the 15 th day (16.7%) and four on the 30 th day (66.7%) predominantly presented thick fibers in their tendons (p = 0.079). Among the rabbits that received the Tsai (6-strand) suture technique, four on the 15 th day (66.7%) and four on the 30 th day (66.7%) predominantly presented thick fibers in their tendons (p = 1.000) (Table 2 and Figure 11 ).
No presence of collagen fiber callus was observed, either qualitatively or quantitatively, in 33 (91.7%) of the cases analyzed histologically. Thus, this finding contests the notion that excessive friction in relation to the osteofibrous tunnel would be produced by the final central knot of the tendon when it is outside of the repaired tendon, thereby impairing the capacity of the tunnel to slide. Likewise, it contests the notion that the presence of the knot or strands inside the tendon would increase its volume, thereby impairing the capacity to slide and the formation of collagen fibers. Moreover, areas of calcium were present in 12 (33.3%) of the 36 tendons, without impairing the cylindrical shape or the texture of the tendon (Figure 12 ).
Six tendons (16.7%), of which two (5.57%) with the Brazil-2 suture, three (8.35%) with Indiana and one (2.78%) with Tsai, qualitatively and quantitatively demonstrated suppuration (necrosis). This was only on the periphery of the tendon and never in the center. Thus, the number of strands or the final knot(s) of the central suture did not interfere with the healing process on the tendon repair. This suppuration represented a phase of increased phagocytosis on the 15 th day due to the cut in the tendon, with the start of the inflammatory phase, or the presence of a foreign body (suture thread), and also due to granulation tissue with increased numbers of giant cells on the 30 th day (Figures 13 and 14) .
With regard to the notion that the number of strands or final knots of suture threads inside the repaired tendon would impair the circulation, thereby leading to necrosis, the present investigation did not show such occurrences in any of the repair techniques (Brazil-2, Indiana and Tsai) with either four or six strands (Figure 15 ). 
DISCUSSION
According to the experiences of Elliot (10) , Strickland (4) , Kumar et al (26, 27) and Tu et al (28) , complete tendon healing is attained after around three months. Over this period, fibrin is recruited and forms, and is converted to solidified healed tissue, so that after this period, the hand can be released to undertake intensive activities. Early mobilization naturally does not entirely prevent adherences, but it creates a form of healing that allows the tendon to move and to return to its normal function as a mechanical piston.
Many biomechanics studies in the literature have tested repairs that were made to human hand tendon flexors and their animal equivalents, including tests on both linear and curvilinear load models. Unfortunately, the lack of uniformity between the studies has led to a wide range of results, which makes it difficult to compare these studies.
In vitro linear load testing is a stand-alone analysis method, performed outside of the tendon anatomy, which makes it possible to assess a large number of suturing methods through direct viewing. The failure (gap) between the tendon stumps or rupture is easy to measure, while ignoring the physiology of the load in relation to the environment that surrounds the tendon. This has been used in animals and in human cadavers, and can be done with a cyclical or simple linear load in order to promote rupturing of the suture.
In vitro curvilinear load testing leaves the tendon to be tested inside the intact hand. During movements made by one finger, several forces are applied to the tendon, such as dorsal and volar tension and friction within the synovial sheath. The disadvantage is that the tendon cannot be directly viewed, which makes it difficult to evaluate the failure (gap) measurements between the stumps or in ruptured tendon.
It is known that exercises promote synthesis and concentration, and that they influence the thickening of the collagen fibers. This has been proven in animal investigations and it increases tendon strength and stress. Although the effects from tendon exercises over prolonged periods seem to be positive, individuals may present periods of debility over the course of treatment and there may thus be a need for a resting period to achieve morphological adaptation of the tendon (3) .
In the biomechanical and histological investigation by Sardenberg (15) , Kessler (2-strand) sutures were used on the deep flexor tendon of the toes of the hind legs of 83 rabbits. The study compared the location of the final knot of the central suture: in the region of the normal vascular tendon, or in the region of the avascular fibrocartilaginous tendon. There were no differences in the biomechanical or histological characteristics of the tendon healing process.
Other studies have explained that multiple-strand sutures that are designed to bear greater pressures on the repaired tendons require more training and sophisticated skills from surgeons. Thus, the difficulty in learning these techniques discourages their use around the world, such that only 30% of surgeons use these sutures. Moreover, multiple-strand sutures may present disadvantages for untrained surgeons, such as increased volume, trauma during the repair and rupture of the vascular support for the tendon (6, 7, 11, 12, 29, 30, 31) . Nevertheless, this was not seen in the present investigation, but it has to be taken into account that the sutures were performed by three senior trained surgeons, for whom multiple-strand sutures were not disadvantageous in these tendons.
In the treatise on biomechanics by Boyer (32) , it was stated that the effect on tension forces from placing the suture knot inside or outside of the repaired tendon was not conclusively different. A large quantity of suture inside the tendon might increase the volume and thus decrease its capacity to slide. On the other hand, placing the suture knot outside the repaired tendon could affect the capacity to slide through worsened friction between the tendon and the synovial sheath, proximally or distally to the repair site. However, the present investigation with the four or six-strand techniques did not histologically demonstrate that placing the final knots of the central sutures inside or outside of the tendon could impair the capacity of the tendon to slide, in relation to either increased tendon volume or friction between the tendon and the synovial sheath (ANOVA; p > 0.01).
In an in vivo investigation, Su et al (21) used a tendon repair technique with a metal implant called Teno Fix (Ortheon Medical; Winter Park, Florida, United States) in the common superficial flexor tendon of the toes of the hind leg in 16 dogs. The animals were sacrificed in the 3 rd , 6 th and 12 th weeks after the operation. Difficulties with the plaster-cast immobilization occurred in nine of the 16 dogs, which led to rupturing of the repairs. Thus, success in the primary repairs was only achieved for seven dogs (separation < 2 mm). However, it was histologically demonstrated that the repair using Teno Fix did not cause any inflammatory reaction and did not interfere with the healing. In the investigation by Wolfe et al (33) on 30 deep flexors from cadavers, the following techniques were analyzed: (1) Cruciate, 4-strand suture; (2) Kessler, 2-strand suture; and (3) Teno Fix, metal implant. Using the Kessler repair, seven ruptures occurred out of 10 cases treated; using Cruciate, seven out of ten cases; and using Teno Fix, all cases ruptured. Thus, there was no mechanical advantage in this linear test model using cadavers. According to Coats et al (34) , although tendon repairs using Teno Fix have been shown in the laboratory to have sufficient strength, they are voluminous, there is insufficient clinical data and they are very expensive, which impedes their large-scale use. There is no doubt that it is very difficult not to have complications with plastercast immobilization, especially when dealing with irrational animals, especially rodents, as in the present study. In this regard, all the three rabbits (8.3%) that presented abundant amorphous tissue in the histological evaluation, thus indicating a technical rupture, lost their wound protection immobilizations before completing one week. Only five rabbits reached the 15 th day with immobilization, and none of the 36 rabbits reached the 30 th day (sacrifice date) with their plastercast immobilization.
In the trial by Lawrence et al (31) , using 40 deep flexor tendons from pigs (in vitro), two techniques were used: two-strand (Kessler) and four-strand (single strands in an X shape). The techniques were performed by only two experienced surgeons (20 tendons each). The times taken to perform the two procedures were similar: a mean of 10.0 minutes for the Kessler technique and 10.1 minutes for the four-strand tech-nique. It was concluded that the technique with single strands in an X shape (four-strand) tolerated higher loads than shown by the Kessler technique (twostrand), with means of 52 N versus 29 N, respectively, and did not require a longer time to perform it. The same observations were made in the present study in relation to the operational time for the techniques, except that the technique was performed on rabbits (in vivo), i.e. there was no additional time between the techniques, with a mean of 6.0 minutes for Tsai (six-strand), 5.7 minutes for Indiana (fourstrand) and 5.6 minutes for Brazil-2 (four-strand). The procedures were performed by three senor surgeons.
Several authors have demonstrated significant concern regarding early active mobilization in rehabilitation programs for humans. This increases the stress applied to the repaired tendon, thus resulting in formation of a significant separation (gap) at the repair site (2,7,13,16,-20,23,35-38) . For this reason, suture methods with four, six and eight strands are used today because of their greater resistance for bearing and maintaining tensions, thus avoiding separations of 1 and 2 mm and ruptures, comparatively with the two-strand methods. Nonetheless, the biomechanics are not considered to be the most important factor for avoiding ruptures. It needs to be noted that, histologically, maturation of collagen tissue is only attained at the end of the fourth month. Thus, even with suturing techniques that resist rupture, this may occur with excessive force applied before the fourth month. This is well explained in the descriptions by Gelberman et al (39) (40) (41) (42) , Goldfarb et al (43) , Ikeda et al (22) and Wu et al (44) , in which the maximum peak of fibronectin release by fibroblasts occurs from the 7 th to the 10 th day after the operation, thereby promoting the formation of new vessels (neovascularization), and this process ends between the 16 th and the 21 st day. At this point, between the first and fourth weeks, care needs to be taken to avoid re-rupture of the tendon. Thus, this is the time at which techniques using more than two strands provide greater security. By the 30 th day, the collagen fibers have become positioned in line with the longitudinal axis of the tendon. Furthermore, early mobility avoids adherences and provides thickening of the fibers, thereby strengthening the tendon. Nonetheless, it is also true to say that the increased strength during the rehabilitation does not alter the healing of the repaired tendon. This observation is proven in the present histological investigation, which showed that vessels had formed by the 15 th day and the collagen fibers had become aligned with the longitudinal axis of the tendon around the 30 th day. In other words, it cannot be forgotten that the biological time required for healing is the same for the two four, six and eight-strand techniques. In other words, the use of complete or excessive strength on the tendon needs to be delayed until the fourth month after the repair surgery.
CONCLUSION
The three different suture techniques tested with early active mobility, on flexor tendons of the hind legs (calcaneal tendons) of rabbits, i.e. two four-strand techniques (Brazil-2 and Indiana) and one six-strand technique (Tsai), presented similar behavior regarding histology, biomechanics and time taken to do the surgical repair. There was no histological difference between having the final central knot inside and outside of the repaired tendon that could impair its sliding capacity. Nor was there any difference with regard to increased tendon volume, in terms of friction between the repaired tendon and the synovial sheath. Consequently, this histological study serves to demonstrate that early active mobility affected the behavior of the collagen fibers such that they attained greater thickening, thereby providing greater strength and traction resistance to the repaired tendon.
